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Abstract	  In	  mammals,	  approach	  or	  avoidance	  behaviors	  to	  rewarding	  or	  aversive	  stimuli	  are	  reinforced	  via	  specific	  neural	  pathways.	  In	  invertebrates,	  less	  is	  understood	  about	  the	  mechanisms	  and	  brain	  regions	  involved	  in	  mediating	  reward	  and	  aversion.	  	  Invertebrate	  research	  suggests	  octopamine	  (OA)	  signaling	  mediates	  the	  positive	  reinforcement	  of	  food	  rewards	  (Hammer	  1993,	  1997;	  Menzel	  and	  Muller	  1996;	  Schwärzel	  et	  al.,	  2003)	  and	  dopamine	  (DA)	  modulates	  aversive	  learning	  (Schwärzel	  et	  al.	  2003;	  Reimensperger	  et	  al.,	  2005;	  Claridge-­‐Chang	  et	  al.,	  2009;	  Barron	  et	  al.,	  2010;	  Vergoz	  et	  al.,	  2007a,b).	  It	  is	  unknown	  if	  subsets	  of	  octopaminergic	  or	  dopaminergic	  neurons	  in	  honey	  bees	  are	  differentially	  utilized	  after	  memory	  retrieval	  in	  response	  to	  differences	  in	  hedonic	  valence.	  	  This	  study	  addresses	  the	  hypothesis	  that	  specific	  regions	  of	  the	  honey	  bee	  brain	  differentially	  respond	  after	  recalling	  a	  positive	  or	  negative	  memory	  by	  mapping	  the	  expression	  of	  genes	  that	  encode	  the	  rate	  limiting	  enzymes	  in	  OA	  and	  DA	  synthesis,	  
tyramine	  β	  –	  hydroxylase	  (tbh)	  and	  tyrosine	  hydroxylase	  (th),	  respectively,	  in	  response	  to	  conditioned	  odor	  valence.	  Populations	  of	  tbh-­‐	  and	  th-­‐expressing	  neurons	  in	  6	  and	  4	  locations	  of	  the	  bee	  brain,	  respectively,	  were	  measured.	  	  I	  discovered	  ventrally	  positioned	  
th-­‐expressing	  unpaired	  medial	  neurons	  in	  the	  suboesophageal	  ganglion	  (SOG)	  never	  before	  reported	  in	  the	  honey	  bee.	  I	  also	  found	  increases	  in	  both	  the	  proportion	  of	  individuals	  with,	  and	  relative	  intensity	  of,	  ventral	  paired	  median	  tbh-­‐expressing	  neurons	  in	  the	  posterior	  third	  segment	  of	  the	  SOG.	  Results	  suggest	  that	  the	  posterior	  region	  of	  the	  SOG	  may	  be	  important	  in	  the	  response	  to	  food	  rewards	  and	  support	  the	  hypothesis	  that	  subsets	  of	  neurons	  differentially	  respond	  after	  memory	  retrieval	  in	  response	  to	  hedonic	  valence	  in	  the	  honey	  bee.	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INTRODUCTION	   	  
	   Animals	   typically	   exhibit	   approach	   behavior	   in	   response	   to	   stimuli	   they	   find	  rewarding	   and	   avoidance	   behavior	   in	   response	   to	   stimuli	   they	   find	   aversive	   (Skinner,	  1938).	  Animals	  use	   the	   reward	  system	   to	   respond	  appropriately	   to	   stimuli	   in	  a	   changing	  environment.	   The	   reward	   system	   in	   the	   brain	   is	   a	   collection	   of	   neural	   circuits	   that	   add	  hedonic	  value	  to	  stimuli	  to	  reinforce	  behaviors,	  especially	  those	  essential	  for	  survival,	  such	  as	  eating	  or	  reproduction	  (Kringelbach	  and	  Berridge,	  2010).	  	  	   In	  the	  mammalian	  brain,	  several	  localized	  areas	  that	  impact	  the	  valuation	  of	  stimuli	  have	   been	   discovered	   (Berridge	   and	   Robinson,	   1998;	   Roitman	   et	   al.,	   2004;	  Wise,	   2004;	  reviewed	  in	  Peciña,	  et	  al.,	  2006;	  Berridge,	  2009),	   including	  the	  nucleus	  accumbens	  (NAc).	  Roitman	  et	  al.	  (2010)	  investigated	  the	  role	  of	  the	  NAc	  and	  reported	  that	  the	  same	  stimulus	  can	  differentially	  activate	  neurons	  in	  this	  brain	  region	  based	  solely	  on	  the	  learned	  hedonic	  value	   of	   the	   stimulus.	   Reward	   responsive	   dopaminergic	   neurons	   that	   project	   to	   the	  NAc	  play	   a	   large	   role	   in	   modulating	   mammalian	   reward	   system	   circuits	   and	   behavioral	  responses	   to	   rewards	   (Berridge	   and	   Robinson,	   1998;	   Roitman	   et	   al.,	   2004;	   Wise,	   2004;	  Berridge	  et	  al.,	  2009,	  reviewed	  in	  Barron	  et	  al.,	  2010).	  Several	  parts	  of	   the	   invertebrate	  brain	  and	  several	  neurotransmitter	  systems	  have	  been	   implicated	   in	   processing	   rewarding	   stimuli,	   but	   how	   the	   brain	   processes	   stimuli	   of	  different	   hedonic	   value	   is	   not	   as	   well	   understood	   as	   in	   vertebrates.	   In	   Drosophila	  
melanogaster,	  blocking	  the	  synthesis	  of	  the	  endogenous	  biogenic	  amine	  octopamine	  (OA),	  which	  modulates	   learning	  and	  memory	   in	  many	  arthropods	   (Winston,	  1987;	   reviewed	   in	  Gauthier	  and	  Grunewald,	  2012),	   impairs	  sugar	   learning	  (Schwärzel	  et	  al.,	  2003).	  Crickets,	  
Gryllus	   bimaculatus,	   injected	  with	  OA	   receptor	   antagonists	   exhibited	   impaired	   appetitive	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learning	  (Unoki	  et	  al.,	  2005).	  Previous	  research	  indicates	  that	  different	  subsets	  of	  neurons	  in	   the	   mushroom	   body	   (MB)	   are	   required	   for	   appetitive	   memory	   consolidation	   and	  retrieval	  (Krashes	  et	  al.,	  2007;	  Krashes	  and	  Waddell,	  2008).	  	  The	  MBs	  have	  been	  implicated	  in	  associative	  olfactory	  learning	  in	  flies	  and	  honey	  bees	  (Mustard	  et	  al.,	  2012),	  In	   addition,	   there	   is	   evidence	   that	   dopamine	   (DA)	  modulates	   aversive	   learning	   in	  insects.	  Crickets	  injected	  with	  DA	  antagonists	  have	  impaired	  aversive	  learning	  (Unoki	  et	  al.,	  2005).	   	   In	   D.	   melanogaster,	   if	   dopaminergic	   neurons	   projecting	   to	   the	   MB	   are	   blocked,	  aversive	  learning	  is	  compromised,	  but	  appetitive	  memory	  remains	  intact	  (Schwärzel	  et	  al.,	  2003).	  Activation	  of	  these	  same	  dopaminergic	  neurons	  can	  substitute	  for	  electric	  shock	  in	  an	  aversive	  conditioning	  paradigm	  (Claridge-­‐Chang	  et	  al.,	  2009).	  However,	  recent	  research	  in	  D.	  melanogaster	  suggests	  that	  DA	  may	  play	  a	  role	  in	  both	  aversive	  and	  reward	  learning	  (Krashes	  et	  al.,	  2009),	  which	  suggests	  that	  it	  is	  unclear	  which	  neural	  mechanisms	  mediate	  aversion	  and	  which	  ones	  mediate	  reward.	  	  Honey	   bees,	   Apis	   mellifera,	   are	   excellent	   models	   for	   studying	   the	   reward	   system	  because	   they	   exhibit	   behaviors	   that	   reflect	   their	   perception	   of	   rewarding	   stimuli.	   For	  example,	  honey	  bees	  exhibit	  a	  proboscis	  extension	  response	  (PER)	  when	  presented	  with	  a	  food	  reward	  or	  a	  positively	  conditioned	  stimulus,	  such	  as	  an	  odor	  (Bitterman	  et	  al.,	  1983).	  Also,	  honey	  bees	  can	  be	  trained	  to	  withhold	  their	  proboscis	  when	  presented	  with	  an	  odor	  associated	   with	   sucrose	   plus	   shock	   treatment	   (Smith	   et	   al.,	   1991),	   which	   demonstrates	  avoidance	  of	  aversive	  stimuli.	  	  The	   mechanisms	   underlying	   appetitive	   and	   aversive	   behaviors	   in	   the	   honey	   bee	  have	  been	  explored	  previously.	  OA	  signaling	  mediates	   the	  positive	   reinforcement	  of	   food	  rewards	   (Hammer,	   1993,	   1997;	   Menzel	   and	   Muller,	   1996;	   Schwärzel	   et	   al.,	   2003).	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Moreover,	   injections	  of	  OA	  into	  the	  antennal	   lobes	  or	  the	  MBs,	  but	  not	  the	  lateral	  horn	  of	  the	  honey	  bee	  brain,	  can	  substitute	  for	  a	  food	  reward	  in	  a	  PER	  learning	  assay	  (Hammer	  and	  Menzel,	   1998),	   indicating	   that	   some,	   but	   not	   all	   regions	   of	   the	   honey	   bee	   brain	   are	  important	  for	  regulating	  the	  appetitive	  PER	  behavior.	   	  DA	  appears	  important	  for	  aversive	  reinforcement.	   Blocking	   DA	   receptors	   in	   the	   honey	   bee	   suppresses	   aversive	   learning;	  blocking	  OA	  receptors	  had	  no	  effect	  (Vergoz	  et	  al.,	  2007a).	  Regulation	  of	  DA	  signaling	  via	  queen	  mandibular	  pheromone	  can	  block	  the	  negative-­‐reinforcing	  properties	  of	  an	  aversive	  stimulus,	  which	  impairs	  aversive	  learning,	  but	  leaves	  appetitive	  learning	  intact	  (Vergoz	  et.	  
al.,	   2007b;	   Beggs	   and	   Mercer,	   2009).	   These	   results	   show	   the	   power	   of	   associative	  conditioning	   as	   a	   tool	   for	   comparing	   the	   neural	  mechanisms	   that	   control	   appetitive	   and	  aversive	  responses	  in	  honey	  bees.	  	  	  	  The	  biosynthesis	  of	  DA	  depends	  on	  the	  rate-­‐limiting	  enzyme	  tyrosine	  hydroxylase	  (th)	   (Budnik	   and	   White,	   1987;	   Friggi-­‐Grelin	   et	   al.,	   2003;	   Mustard	   et	   al.,	   2012).	   Thus	  mapping	   the	   distribution	   of	   th	  RNA	   expressing	   neurons	   is	   a	   reliable	  method	   to	  map	   the	  response	  of	  dopaminergic	  neurons	  to	  stimuli	  in	  the	  insect	  brain	  (Friggi-­‐Grelin	  et	  al.,	  2003;	  Schwärzel	   et	   al.,	   2003).	   Similarly,	   OA	   synthesis	   depends	   on	   the	   rate-­‐limiting	   enzyme,	  tyramine	  β	  –	  hydroxylase	  (tbh)	  (Livingstone	  and	  Temple,	  1983).	  Mapping	  the	  distribution	  of	  tbh	  RNA	  expressing	  neurons	  has	  been	  used	  to	  detect	  a	  subset	  of	  octopaminergic	  neurons	  (Monastirioti	  et	  al.,	  1996;	  Lehman	  et	  al.,	  2006;	  Sinakevitch	  et	  al.,	  2005).	  	  It	  is	  unknown	  if	  subsets	  of	  octopaminergic	  or	  dopaminergic	  neurons	  in	  honey	  bees	  are	  differentially	  utilized	  after	  memory	  retrieval	   in	  response	  to	  hedonic	  valence.	  It	  also	  is	  unclear	  whether	  DA	  mediates	  aversive	   learning	  while	  OA	  mediates	  appetitive	   learning	   in	  the	   honey	   bee	   (reviewed	   in	   Gauthier	   and	   Grünewald,	   2012).	   This	   study	   addresses	   the	  
4	  	  
hypothesis	  that	  specific	  regions	  of	  the	  honey	  bee	  brain	  differentially	  respond	  after	  recalling	  a	   positive	   or	   negative	   memory	   by	   investigating	   the	   location	   of	   brain	   th	   and	   tbh	   gene	  expression	   in	   response	   to	   conditioned	   odor	   valence.	   I	   measured	   populations	   of	   tbh-­‐-­‐expressing	  neurons	  in	  6	  locations	  of	  the	  bee	  brain	  (Fig.	  1)	  and	  th-­‐expressing	  neurons	  in	  4	  locations	   (Fig.	   2).	   These	   locations	   are	   a	   subset	   of	   previously	   described	   populations	   that	  were	  identified	  with	   in	  situ	  hybridization	  or	  DA/OA	  immunoreactive	  techniques	  (Lehman	  
et	  al.,	  2006;	  Sinakevitch	  et	  al.,	  2005;	  Schafer	  and	  Rehder	  1989;	  reviewed	  in	  Farooqui,	  2007;	  Table	  1).	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MATERIALS	  AND	  METHODS	  
	  
Bees	   Honey	   bees	   (Apis	   mellifera)	   were	   collected	   from	   colonies	   derived	   from	   naturally	  mated	  queens	  and	  maintained	  according	  to	  standard	  methods	  at	  the	  University	  of	  Illinois	  Bee	  Research	  Facility,	  Urbana,	  IL	  USA.	  This	  experiment	  exclusively	  used	  honey	  bee	  foragers	  returning	  to	  the	  hive	  with	  pollen	  loads	  on	  the	  corbiculae	  of	  their	  hind	  legs.	  Pollen	  foragers	  are	  good	  subjects	  for	  PER	  because	  they	  are	  more	  responsive	  to	  sucrose	  and	  thus	  better	  at	  associative	  olfactory	  learning	  than	  foragers	  specialized	  on	  collection	  of	  nectar	  (Scheiner	  et	  
al.,	  1999,	  2001).	  Bees	  were	  collected	  in	  glass	  vials	  during	  two	  time	  periods,	  in	  the	  morning	  between	  9:00-­‐11:00	  and	  in	  the	  afternoon	  between	  13:00-­‐16:00.	  	  	  
Differential	  PER	  conditioning	  Collected	  bees	  were	  anesthetized	  directly	  on	   ice	  and	  harnessed	   in	  preparation	   for	  PER	  conditioning,	  as	  in	  Bitterman	  et	  al.	  1983.	  Harnessed	  bees	  were	  fed	  1M	  sucrose	  solution	  
ad	  libitum	  between	  17:00-­‐19:00	  on	  the	  day	  of	  collection	  and	  housed	  in	  a	  completely	  dark,	  humid	  environment	  until	  training	  the	  following	  day.	  On	  the	  day	  of	  training,	  bees	  were	  first	  tested	   for	   normal	   PER	   by	   touching	   their	   antennae	  with	   a	   0.5M	   sucrose	   solution	  without	  subsequent	  feeding;	  non-­‐responders	  were	  discarded	  (22%	  of	  bees).	   	  Bees	  collected	  in	  the	  morning	  were	  trained	  and	  tested	  in	  the	  morning,	  and	  bees	  collected	  in	  the	  afternoon	  were	  trained	   and	   tested	   in	   the	   afternoon	   to	   control	   for	   any	   gene	   expression	   or	   learning	  performance	  differences	  associated	  with	  the	  time	  of	  day	  (Naeger	  et	  al.,	  2011;	  Lehmann	  et	  
al.,	  2011).	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In	  order	  to	  study	  the	  response	  of	  honey	  bees	  to	  both	  a	  rewarding	  and	  an	  aversive	  stimulus,	   a	   differential	   conditioning	   protocol	  was	   used	   to	   train	   bees	   to	   associate	   odor	   A	  (conditioned	   stimulus,	   CS+)	  with	   a	   2M	   sugar	   reward	   (unconditioned	   stimulus,	   US+)	   and	  odor	  B	   (CS-­‐)	  with	  a	  60mM	  quinine	  punishment	   (US-­‐).	   	  Although	   the	  use	  of	  quinine	  as	  an	  aversive	   substance	   for	   bees	   is	   somewhat	   controversial	   (reviewed	   in	   de	   Brito	   Sanchez,	  2011),	   it	   has	   been	   previously	   used	   as	   an	   effective	   aversive	   stimulus	   in	   PER	   experiments	  and	  with	  free-­‐flying	  bees	  (Wright	  et	  al.,	  2010;	  Avargues-­‐Weber	  et	  al.,	  2010).	  	  Each	  bee	  was	  subjected	   to	   a	   total	   of	   8	   conditioning	   trials	   (4	   appetitive;	   4	   aversive),	   with	   each	   trial	  separated	  by	  a	  6	  min	  intertrial	  interval.	  Each	  trial	  began	  by	  placing	  a	  bee	  in	  front	  of	  a	  constant	  stream	  of	  light	  air	  flow	  for	  20	  sec	  to	  habituate	  to	  mechanosensory	  stimuli	  (Giurfa	  and	  Malun,	  2004).	  	  An	  exhaust	  fan	  was	  placed	  behind	  the	  bee	   to	  continually	  remove	  odors	   from	  the	   training	  arena.	  An	  odor	  was	  introduced	  into	  the	  air	  stream,	  and	  after	  2	  sec	  the	  US	  (+	  or	  -­‐)	  was	  directed	  to	  the	  antennae	  and	   subsequently	   to	   the	   proboscis	   for	   4	   sec.	   This	   resulted	   in	   a	   total	   of	   6	   sec	   of	   odor	  presentation,	  with	   a	   4	   sec	   overlap	   between	   the	   CS	   and	  US.	   If	   the	  US-­‐	  was	   insufficient	   to	  elicit	   a	  PER	  during	   training,	   the	  bee’s	  proboscis	  was	  gently	   extended	  with	  a	   toothpick	   to	  deliver	  the	  stimulus	  (Ayestaran	  et	  al.,	  2010).	  The	  bee	  was	  left	  in	  the	  arena	  for	  another	  20	  sec	  and	  then	  returned	  to	  a	  holding	  rack	  away	  from	  the	  arena.	  	  Odors	   were	   presented	   in	   the	   following	   pseudorandom	   order:	   ABBABAAB.	   	   The	  odors	  1-­‐nonanol	  and	  1-­‐hexanol	  were	  used	  as	  conditioned	  stimuli	  and	  alternated	  between	  the	  CS+	  and	  CS-­‐	  in	  different	  training	  sessions	  to	  ensure	  no	  odor	  bias	  in	  the	  pairings.	  	  	   After	   training,	   bees	  were	   placed	   again	   in	   a	   dark,	   humid	   environment	   and	   fed	   1M	  sucrose	  solution	  ad	   libitum	  between	  17:00-­‐19:00.	  On	  day	  3	  of	   the	  experiment,	  bees	  were	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given	  a	  retention	  test	  with	  the	  odor	  alone	  to	  test	  for	  recall	  of	  the	  learned	  association	  from	  the	  training	  sessions.	  For	  the	  retention	  test,	  bees	  received	  either	  the	  CS+	  or	  the	  CS-­‐.	   	  Only	  bees	   that	   responded	  with	   the	  appropriate	  behavioral	   response	   (PER	   for	  CS+;	  No	  PER	   for	  CS-­‐)	  were	  included	  in	  subsequent	  analyses	  (42%	  were	  discarded).	  	  Bees	  were	  immediately	  immersed	   into	   ice	  60	  min	  after	   receiving	   the	  odor	   in	   the	   retention	   test,	   and	  brains	  were	  prepared	   for	   fluorescent	   in	   situ	   hybridization.	   One	   time	   point	   was	   measured	   due	   to	  experimental	  time	  constraints.	  Sixty	  minutes	  was	  sufficient	  to	  detect	  changes	  in	  honey	  bee	  brain	  gene	  expression	  after	  an	  acute	  stimulus	  (Kucharski	  and	  Maleszka,	  2005;	  Alaux	  et	  al.,	  2009),	   and	   pilot	   studies	   indicated	   that	   gene	   expression	   differences	   associated	   with	  rewarding	   and	   non-­‐rewarding	   contexts	   might	   differ	   60	   min	   after	   stimulus	   exposure	  (McNeill	  et	  al.,	  2012).	  	  
	  
PER	  retraction	  experiment	  	  A	   PER	   retraction	   experiment	   was	   performed	   to	   determine	   if	   a	   retraction	   of	   the	  proboscis	  is	  a	  demonstration	  of	  avoidance	  behavior	  and	  to	  help	  interpret	  a	  withholding	  of	  the	   proboscis	   in	   the	   differential	   PER	   conditioning	   experiment.	   The	   same	   procedures	  described	   above	  were	   used	   except	   bees	  were	   trained	   to	   associate	   an	   odor	   to	   either	   2	  M	  sugar	   water	   (US+)	   or	   60	   mM	   quinine	   in	   water	   (US-­‐).	   	   Each	   bee	   was	   subjected	   to	   four	  training	  trials	  with	  each	  trial	  separated	  by	  a	  10	  min	  intertrial	  interval.	  On	  day	  3	   of	   the	   experiment,	   bees	  were	   stimulated	  with	  10%	  sugar	   to	   check	   for	   a	  normal	  PER;	  non-­‐responders	  were	  discarded.	   	  Then	  bees	  were	  stimulated	  with	  2	  M	  sugar	  to	  elicit	  a	  PER	  and	  exposed	  for	  6	  sec	  to	   the	  odor	  they	   learned	  on	  the	  previous	  day.	   	  Bees	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that	  held	  out	   their	  proboscis	   for	   the	  entire	  6	   sec	  were	   counted	  as	  a	   “hold”	  and	  bees	   that	  retracted	  their	  proboscis	  before	  the	  6	  sec	  of	  odor	  presentation	  were	  counted	  as	  a	  “retract.”	  	  	  
Fluorescent	  in	  situ	  hybridization	  (FISH)	  To	   identify	   the	   location	   of	   th	   and	   tbh	   gene	   expression	   in	   the	   brain,	   a	   modified	  version	  of	  the	  FISH	  protocols	   for	  whole	  mount	  brains	  described	  in	  Eisenhardt	  et	  al.	  2001	  and	   Humphries	   et	   al.	   2003	   was	   used	   to	   accommodate	   the	   use	   of	   Stellaris	   FISH	   probes	  (Biosearch	   Technologies,	   Novato,	   CA).	   Briefly,	   freshly	   dissected	   honey	   bee	   brains	   were	  fixed	  overnight	  at	  4oC	  in	  4%	  paraformaldehyde	  (PFA).	   	  Following	  this,	  brains	  were	  stored	  in	   100%	  methanol	   at	   -­‐20oC	   until	   further	   processing.	   Then	   brains	  were	  washed	   in	   100%	  methanol	   (2x5min),	   3%	   hydrogen	   peroxide	   in	   methanol	   (30min),	   rehydrated	   in	   PBS-­‐TX	  (0.01	  M	  Phosphate	  buffered	  saline	  with	  0.1%	  Triton	  X-­‐100;	  75%,	  50%,	  25%	  x	  10	  min)	  and	  washed	   in	  PBS-­‐TX	  (3x10	  min).	   	  Samples	  were	   incubated	   in	  Proteinase	  K	  (20u	  μg/ml)	   in	  PBS-­‐TX	   for	   20	   min	   to	   increase	   tissue	   permeability	   and	   washed	   in	   PBS-­‐TX	   (3x10	   min).	  Brains	   were	   quickly	   rinsed	   with	   pure	   water	   and	   incubated	   for	   15	   min	   in	   a	   solution	   to	  reduce	   autofluorescence	   (10	   mM	   cupric	   sulfate,	   50	   mM	   ammonium	   acetate	   in	   water).	  Brains	  were	   again	   quickly	   rinsed	   in	   pure	  water	   and	  washed	   in	   PBS-­‐TX	   (3x10min),	   after	  which	   they	   were	   incubated	   at	   37oC	   in	   a	   pre-­‐hybridization	   solution	   for	   3	   h	   and	   then	  incubated	   in	   a	   probe:pre-­‐hybridization	   solution	   (1:100	   th;	   1:50	   tbh)	  using	   Stellaris	   FISH	  probes	   for	   15	   h	   in	   total	   darkness.	   Stellaris	   FISH	   probes	   are	   a	   set	   of	   48	   unique	   DNA	  sequences	   each	   made	   up	   of	   20	   bases	   that	   hybridize	   in	   series	   along	   a	   targeted	   mRNA	  transcript	  and	  have	  a	  fluorophore	  directly	  attached	  to	  each	  probe.	  This	  technology	  has	  the	  advantage	  of	  reducing	  the	  detection	  of	  non-­‐specific	  probe	  binding	  since	  approximately	  30	  
9	  	  
probes	  are	  required	  to	  bind	  along	  the	  transcript	  in	  order	  to	  detect	  a	  signal.	  This	  technology	  also	   reduces	   the	   steps	   required	   to	   complete	   FISH,	   especially	   when	   multiplexing	   with	  different	  probe	  sets	  as	  in	  this	  study.	  In	  addition,	  Stellaris	  FISH	  probes	  are	  sensitive	  enough	  to	   detect	   individual	   mRNA	   transcripts	   at	   high	   magnification	   without	   the	   use	   of	  amplification	  steps	  (Batish	  et	  al.,	  2011;	  Orjalo	  et	  al.,	  2011),	  although	  this	  study	  did	  not	  take	  advantage	  of	  this	  particular	  feature.	  	  Sense	  probes	  were	  used	  as	  negative	  controls.	  	  Specific	  
th	   and	   tbh	   sense	  probes	  were	   created	  by	   taking	   the	   reverse	   complement	  of	   all	   48	  probe	  sequences.	  	  All	  subsequent	  steps	  were	  completed	  in	  the	  dark.	  	  After	  hybridization,	  samples	  were	  washed	  in	  pre-­‐hybridization	  buffer,	  transitioned	  into	  a	  wash	  solution	  (2xSSC	  +	  0.1%	  chaps	  for	   3x30min)	   and	   returned	   to	   room	   temperature.	   Then	   samples	  were	  washed	   in	  PBS-­‐TX	  (3x10	   min),	   transitioned	   into	   100%	   methanol	   (25%,	   50%,	   75%,	   100%	   x	   10	   min)	   and	  cleared	  in	  100%	  methyl	  salicylate	  for	  imaging.	  	  	  	  
Confocal	  microscopy	  Brains	   were	   imaged	   using	   a	   confocal	   microscope	   (Zeiss	   LSM	   700)	   with	   a	   10x	  objective.	   Three-­‐dimensional	   (3D)	   images	  were	   reconstructed	   using	   Imaris	   7.5	   (Bitplane	  AG,	   South	  Winsdor,	   CT).	   Intensity	  measurements	   were	   taken	   on	   surface	   objects	   created	  with	   the	   Imaris	  Surfaces	   function	   inside	  regions	  of	   interest	   (ROI)	   that	  were	  based	  on	   the	  location	  of	  previously	  identified	  neuron	  clusters.	  Average	  intensity	  values	  for	  each	  cluster	  were	   normalized	   to	   local	   background	   intensity	   values	   (average	   signal	   intensity/average	  local	   background	   intensity),	   giving	   a	   relative	   signal	   intensity	   value.	   	   Local	   background	  intensity	  values	  were	  obtained	  by	  performing	  a	  3D	  distance	  transformation	  in	  Matlab	  and	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taking	   the	   average	   intensity	   of	   voxels	   that	  were	   between	   3	   and	   10μm	   away	   from	   each	  surface	  object	  previously	  created	  in	  Imaris	  (Fig.	  3).	  	  	  	  
Neuroanatomy	  One	   population	   of	   tbh-­‐expressing	   neurons	   in	   the	   antennal	   lobe	   (G3)	   and	   five	  populations	   in	   the	   suboesophageal	   ganglion	   (SOG)	   were	   measured	   (Fig.	   1).	   Four	  populations	  of	  th-­‐expressing	  neurons	  near	  the	  mushroom	  bodies	  (C3),	  optic	  tubercles	  (ST),	  lobula	  (SL)	  or	  SOG	  (S1-­‐S6)	  were	  measured	  (Fig.	  2).	  	  	  The	   following	   information	   was	   used	   to	   help	   subdivide	   the	   location	   of	   tbh	   gene	  expression	   found	   in	   the	   SOG.	   The	   SOG	   is	   a	   fused	   neuropil	   consisting	   of	   the	  mandibular,	  maxillary,	  and	  labial	  neuromeres	  (Hammer,	  1991;	  Schröter,	  2006).	  	  Each	  neuromere	  can	  be	  identified	   by	   its	   position	   of	   cell	   clusters	   and	   corresponding	   midline	   tracts.	   The	   labial	  neuromere	   neurons	   can	   be	   easily	   identified	   from	   a	   frontal	   view	   because	   the	   cell	   body	  clusters	   appear	  more	  dorsal	   compared	   to	   the	  mandibular	   and	  maxillary	   clusters	   and	   the	  labial	  midline	  tract	  is	  shorter	  than	  the	  maxillary	  or	  mandibular	  tracts	  (Schröter,	  2006).	  	  The	  FISH	   techniques	   employed	   in	   this	   study	   were	   sufficient	   to	   detect	   the	   more	   dorsal	  positioning	  of	  the	  labial	  cell	  bodies	  (Fig.	  4);	  however,	  they	  were	  not	  sufficient	  to	  detect	  the	  midline	  tracts.	  	  Therefore,	  this	  region	  will	  be	  termed	  the	  posterior	  third	  segment	  of	  the	  SOG	  (PT	  SOG)	  in	  this	  thesis,	  rather	  than	  the	  labial	  neuromere.	  Cell	  bodies	  in	  the	  mandibular	  and	  maxillary	   neuromeres	   are	   not	   easily	   distinguishable	   without	   midline	   tract	   identification	  and	  were	  therefore	  analyzed	  as	  a	  single	  region	  termed	  SOG	  VUM	  (ventral	  unpaired	  median	  neurons	   in	  the	  SOG)	  or	  SOG	  VPM	  (ventral	  paired	  median	  neurons	   in	  the	  SOG).	  Neither	  th	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nor	  tbh	  expression	  was	  detected	  in	  samples	  using	  the	  negative	  control	  sense	  probes	  (Fig.	  5).	  
	  








Bees	  retract	  their	  proboscis	  to	  an	  odor	  conditioned	  with	  quinine	  more	  frequently	  than	  to	  an	  
odor	  conditioned	  with	  sugar	  	   After	  eliciting	  a	  PER	  with	  2	  M	  sugar	  water,	  more	  bees	  retracted	  their	  proboscis	  to	  an	  odor	   conditioned	   with	   quinine	   than	   an	   odor	   conditioned	   with	   sugar	   (p=0.0125;	   Fig.	   6).	  These	  results	  imply	  that	  a	  withholding	  of	  the	  proboscis	  may	  be	  an	  indication	  of	  a	  disliking	  of	  a	  stimulus.	  	  
Bees	  discriminate	  between	  CS+	  and	  CS-­‐	  odors	  in	  the	  retention	  test	  and	  conditioning	  learning	  
trials	   There	  was	  a	  significant	  difference	  between	  the	  CS+	  and	  CS-­‐	  PER	  responses	  during	  learning	   trials	   3	   (p=0.0002)	   and	  4	   (p<0.0001;	   Fig.	   7).	  Retention	   test	   results	   only	   include	  bees	  that	  responded	  with	  a	  PER	  to	  the	  CS+	  and	  no	  PER	  to	  the	  CS-­‐	  during	  the	  retention	  test;	  therefore,	  all	  of	  the	  bees	  that	  were	  given	  the	  CS+	  odor	  responded	  and	  none	  of	  the	  bees	  that	  were	  given	  the	  CS-­‐	  odor	  responded.	  	  
Proportion	   of	   individuals	   with	   tbh-­‐expressing	   neurons	   in	   the	   PT	   SOG	   VPM	   cluster	   differs	  
between	  CS+	  and	  CS-­‐	  treatment	  groups	  	  
	   Analysis	   of	   six	   previously	   identified	   locations	   of	   OA-­‐immunoreactive	   neurons	  (Sinakevitch	   et	   al.,	   2005,	   Kreissl	   et	   al.,	   2004;	   Table	   1;	   Fig.	   1)	   revealed	   differences	   in	   the	  proportion	  of	  individuals	  with	  tbh-­‐expressing	  PT	  SOG	  VPM	  neurons.	  A	  total	  of	  71%	  of	  bees	  in	  the	  CS+	  group	  compared	  to	  25%	  of	  bees	  in	  CS-­‐	  group	  had	  detectable	  tbh	  expression	  in	  this	   region	   (p=0.0103;	   Fig.	   8).	   No	   differences	   in	   the	   proportion	   of	   individuals	   with	   tbh-­‐
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expressing	  neurons	  were	  detected	  in	  the	  G6	  (p=0.416)	  or	  SOG	  VPM	  regions	  (p=0.1875;	  Fig.	  8).	   No	   differences	   in	   the	   number	   of	   tbh-­‐expressing	   neurons	   were	   found	   between	   bees	  exposed	   to	   either	   CS+	   or	   CS-­‐	   odors	   in	   the	  G3	   (p=0.992),	   SOG	  VUM	   (p=0.959)	   or	   PT	   SOG	  VUM	  (p=0.209;	  Fig.	  9)	  regions.	  Within	  four	  clusters	  of	  previously	  described	  dopamine-­‐like	  immunoreactive	  labeled	  groups	   (Schafer	   and	  Rehder,	   1989)	   there	  were	   no	   differences	   detected	  between	   the	   CS+	  versus	   the	   CS-­‐	   groups	   in	   the	   number	   of	   th-­‐expressing	   neurons	   in	   the	   C3	   (p=0.182)	   ST	  (p=0.411)	  SL	  	  (p=0.516)	  or	  S1-­‐S6	  (p=0.900)	  clusters	  (Figs.	  10,	  11).	  	  	  
Relative	   intensity	   of	   tbh-­‐expressing	   PT	   SOG	   VPM	   neurons	   differs	   between	   CS+	   and	   CS-­‐	  
treatment	  groups	  Relative	   intensity	  measurements	  were	   performed	   on	   each	   cell	   cluster	   to	   estimate	  relative	  brain	  mRNA	  abundance	   in	  CS+	  and	  CS-­‐	  odor	   treated	  bees.	   	  Tbh	   relative	   intensity	  measurements	   in	   the	   G3	   (p=0.649),	   G6	   (p=0.959),	   SOG	   VUM	   (p=0.355)	   or	   PT	   SOG	   VUM	  (p=0.213)	  showed	  no	  significant	  differences	  between	  odor	  treatments	  (Fig.	  12).	  	  However,	  there	  was	  higher	  expression	  of	   tbh	   in	  CS+	  odor	   treated	  bees	   in	   the	  PT	  SOG	  VPM	  neurons	  (p=0.013;	  Fig.	  12)	  compared	  to	  the	  CS-­‐	  odor	  treated	  bees.	  	  No	  significant	  differences	  were	  detected	   in	   the	   left	   (p=0.209)	  or	   right	   (p=0.202)	  SOG	  VPM	  neurons	   (Fig.	  13).	  No	   relative	  intensity	   differences	   were	   detected	   in	   any	   of	   the	   measured	   th-­‐expressing	   clusters	   C3	  (p=0.276),	  SL	  (p=0.650),	  ST	  (p=0.736)	  or	  S1-­‐S6	  (p=0.769;	  Fig.	  14).	  	  
	  
Unpaired	  th-­‐expressing	  neurons	  in	  the	  ventral	  rind	  of	  the	  SOG	  exist	  in	  the	  bee	  brain	  
14	  	  
	   Ventrally	   located	   th-­‐expressing	   unpaired	  median	   neurons	  were	   discovered	   in	   the	  SOG	   in	  4	  out	  of	  38	  brains	  across	   the	  CS+	  and	  CS-­‐	  groups	   (Fig.	  15).	  Three	  of	   the	  4	  brains	  showed	  ventral	  unpaired	  median	  th	  expression	  in	  1	  neuron,	  and	  1	  of	  the	  4	  brains	  showed	  
th	  expression	  in	  3	  neurons.	  The	  cell	  bodies	  were	  medially	  located	  in	  the	  ventral	  rind	  of	  the	  SOG	   near	   the	   octopaminergic	   VUM	   cluster.	   	   To	  my	   knowledge,	   this	   is	   the	   first	   recorded	  identification	  of	  a	  ventrally	  located	  th-­‐expressing	  unpaired	  neuron	  in	  the	  honey	  bee.	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DISCUSSION	  	  	  I	  investigated	  the	  effects	  of	  odor	  valence	  on	  the	  distribution	  and	  relative	  amount	  of	  
tbh	   and	   th	   gene	   expression	   in	   the	   honey	   bee	   brain.	   	   I	   found	   a	   higher	   proportion	   of	   CS+	  versus	  CS-­‐	  individuals	  with	  tbh-­‐expressing	  neurons	  in	  the	  PT	  SOG	  VPM	  region.	  The	  relative	  intensity	   in	   this	   region	  was	   also	   higher	   in	   the	   CS+	   group	   relative	   to	   the	   CS-­‐	   group.	   	   No	  differences	   in	   th-­‐expressing	   clusters	   were	   detected.	   My	   results	   provide	   evidence	   that	   at	  least	  one	  region	  of	  the	  honey	  bee	  brain	  differentially	  responds	  after	  recalling	  a	  positive	  as	  opposed	  to	  a	  negative	  memory.	  	  I	   found	   greater	   relative	   intensity	   of	   and	  proportion	   of	   individuals	  with	   detectable	  
tbh-­‐expression	   in	   the	   PT	   SOG	   VPM	   neurons	   in	   the	   CS+	   group	   relative	   to	   the	   CS-­‐	   group.	  These	   results	   are	   consistent	   with	   numerous	   previous	   findings	   linking	   OA	   to	   reward	  responsiveness	   (Hammer,	   1993,	   1997;	   Menzel	   and	   Muller,	   1996;	   Hammer	   and	   Menzel,	  1998;	  Schwärzel	  et	  al.,	  2003;	  Unoki	  et	  al.,	  2005;	  Krashes	  et	  al.,	  2007;	  Krashes	  and	  Waddell,	  2008).	   The	   results	   for	   proportion	   measurements,	   which	   were	   scored	   as	   “yes	   or	   no”	  detection	  of	  tbh	  expression,	  mean	  that	  more	  tbh-­‐expressing	  neurons	  with	  expression	  above	  detectable	   levels	   were	   in	   the	   CS+	   group.	   Higher	   relative	   intensity	   in	   the	   CS+	   group	  compared	  to	  the	  CS-­‐	  group	  is	  not	  because	  the	  CS+	  group	  had	  higher	  expression	  levels	  in	  the	  same	   number	   of	   tbh-­‐expressing	   neurons	   as	   the	   CS-­‐	   group;	  more	   tbh-­‐expressing	   neurons	  were	  detected	  in	  the	  CS+	  group.	  Paired	  neurons	  in	  the	  PT	  SOG	  region	  have	  been	  previously	  associated	  with	  reward	  responsiveness.	   A	   pair	   of	   serotonergic	   neurons	   in	   the	   labial	   neuromere	   (Rehder	   et	   al.,	  1987)	  showed	  excitatory	  responses	  after	  sugar	  water	  stimulation	  of	  the	  antenna	  (personal	  communication	   by	   Hammer	   to	   Bicker	   described	   in	   Bicker,	   1993).	   If	   it	   is	   reasonable	   to	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presume	   that	   the	   PT	   SOG	   region	   corresponds	   to	   the	   labial	   neuromere	   in	   Rehder	   et	   al.	  (1987),	   as	   appears	   to	   be	   the	   case,	   then	   perhaps	   this	   specific	   region	   of	   the	   SOG	  may	   be	  important	  in	  the	  detection	  of	  food	  rewards.	  	  	  Alternatively,	  it	  is	  possible	  that	  the	  differences	  in	  tbh	  expression	  in	  the	  PT	  SOG	  VPM	  neurons	   are	   a	   reflection	   of	   extending	   the	   proboscis	   rather	   than	   responding	   to	   hedonic	  valance.	   	  Rehder	   (2004)	  characterized	   two	  paired	  motorneurons	   in	   the	   labial	  neuromere	  that	  are	  involved	  in	  honey	  bee	  PER.	  	  Because	  he	  did	  not	  name	  these	  neurons	  in	  reference	  to	  previously	   described	   octopaminergic	   neurons,	   it	   is	   unclear	   if	   the	   PT	   SOG	   VPM	   neurons	  detected	   in	   this	   study	   are	   the	   same	  neurons	   as	   he	   described.	   	   Brockmann	   and	  Robinson	  (2007)	   showed	   that	   sensory	   neurons	   from	   the	   neck	   hair	   sensilla	   project	   to	   the	   labial	  neuromere	   of	   the	   SOG,	   and	   this	   region	   of	   the	   SOG	   contains	   dendritic	   arborizations	   of	  motorneurons	   innervating	   thoracic	  muscles	   involved	   in	  head	  movement	  (Goodman	  et	  al.,	  1987).	   Additional	   studies	   are	   necessary	   to	   determine	  whether	   the	   differences	   in	   the	   PT	  SOG	   VPM	   region	   are	   associated	   with	   the	   value	   of	   the	   odor	   or	   involved	   in	   the	   motor	  behavior	  of	  a	  PER.	  	  	  The	   number	   of	   th-­‐expressing	   neurons	   in	   the	   C3,	   ST,	   SL,	   S1-­‐S6	   regions	   and	   the	  relative	   intensity	   of	   these	   regions	  were	   found	   to	   be	   the	   same	   between	   the	   CS+	   and	   CS-­‐	  groups.	   Differences	   in	   th-­‐expressing	   regions	   between	   CS+	   and	   CS-­‐	   groups	   may	   exist	   in	  regions	   that	  were	  not	  measured	  or	   there	  may	  be	   subtle	  differences	   in	  measured	   regions	  that	  could	  not	  be	  detected	  with	  the	  methods	  used	  in	  this	  study.	  Higher	  resolution	  images	  are	  necessary	  to	  clarify	  the	  identification	  of	  specific	  neurons,	  especially	  in	  regions	  with	  high	  numbers	  of	  neurons.	  	  At	  present,	  it	  is	  difficult	  to	  image	  the	  entire	  honey	  bee	  brain	  with	  an	  objective	  greater	   than	  10x	  because	  as	   the	  objective	  magnification	   increases,	   the	  depth	  of	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field	   decreases	   and	  one	   is	   not	   able	   to	   focus	   throughout	   the	   entire	   thickness	   of	   the	   brain	  tissue.	   The	   advantages	   of	  whole-­‐mount	   in	   situ	   techniques	   include	   the	   ability	   to	   obtain	   a	  clear,	  overall	  pattern	  of	  the	  spatial	  distribution	  of	  mRNA	  and	  the	  ability	  to	  reconstruct	  the	  brain	  into	  a	  3D	  image	  without	  loss	  of	  physical	  tissue	  portions	  that	  can	  occur	  during	  tissue	  sectioning	   techniques.	   However,	   sectioning	   does	   have	   the	   benefit	   of	   being	   able	   to	   image	  thin	  slices	  of	  tissue	  at	  very	  high	  magnifications	  without	  the	  loss	  of	  signal	  from	  a	  low	  depth	  of	   field.	   Therefore,	   subsequent	   experiments	   could	   section	   brain	   tissue	   or	   image	   thinner	  portions	   of	   the	   brain	   using	   a	   higher	   objective.	   Future	   studies	   could	   also	   include	   testing	  olfactory	  memory	   recall	   in	   response	   to	   non-­‐-­‐reinforced	   odors	   and	  other	   aversive	   stimuli	  other	  than	  quinine,	  such	  as	  shock	  treatment.	  	  I	  identified	  novel	  ventrally	  positioned	  th-­‐expressing	  unpaired	  medial	  neurons	  in	  the	  SOG	  in	  4	  brains	  across	  the	  CS+	  and	  CS-­‐	  groups.	   In	  D.	  melanogaster,	  a	  ventrally	  positioned	  
th-­‐expressing	   unpaired	   neuron	   was	   identified	   (Nassel	   and	   Elekes,	   1992)	   that	   triggers	  proboscis	  extension,	  termed,	  “TH-­‐VUM”	  (Marella	  et	  al.,	  2012).	  My	  study	  appears	  to	  provide	  the	   first	   recorded	   identification	   in	   the	   honey	   bee	   of	   a	   ventrally	   located	   th-­‐expressing	  unpaired	  neuron	  in	  the	  SOG.	  While	  stimulation	  of	  the	  octopaminergic	  VUMmx1	  neuron	  in	  the	   honey	   bee	   can	   substitute	   for	   sugar	   during	   an	   associative	   learning	   assay,	   it	   is	   not	  responsible	  for	  the	  PER	  behavior	  (Hammer,	  1993).	  Latency	  of	  PER	  behavior	  after	  sucrose	  stimulation	   occurred	   after	   biogenic	   amine	   levels	   were	   depleted	   and	   DA,	   but	   not	   OA,	  application	  rescued	  the	  response	  to	  normal	  levels	  (Menzel	  et	  al.,	  1999).	  In	  addition,	  DA	  was	  shown	  to	  be	  involved	  in	  motor	  behavior	  (Mustard	  et	  al.,	  2010).	  It’s	  unlikely	  that	  the	  newly	  identified	  th-­‐expressing	  VUM	  neurons	  in	  the	  honey	  bee	  are	  responsible	  for	  eliciting	  the	  PER	  behavior	  because	  they	  were	  found	  in	  only	  a	  few	  brains	  in	  both	  the	  CS+	  and	  CS-­‐	  groups,	  but	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perhaps	  DA	  output	  from	  the	  newly	  identified	  neurons	  in	  the	  SOG	  is	  somehow	  involved	  with	  PER	   or	   another	   motor	   behavior.	   Downstream	   targets	   of	   novel	   th-­‐expressing	   neurons	  detected	   in	   this	   study	   should	   be	   identified	   and	   whether	   this	   neuron	   shares	   a	   similar	  function	   as	   the	   “TH-­‐VUM”	   neuron	   identified	   in	   flies	   should	   be	   investigated	   in	   future	  experiments.	  	  	  
Th	   and	   tbh	   expression	   was	   measured	   at	   60	   min	   after	   odor	   exposure.	   Temporal	  changes	   in	   gene	   expression	   profiles	   can	   vary	   from	   weeks	   to	   minutes.	   Temporal	   th	  expression	   changes	   have	   been	   shown	   to	   vary	   based	   on	   tissue	   composition	   and	   genetic	  background	  of	  individuals	  within	  a	  species	  (Sands	  et	  al.,	  2000).	  Gene	  expression	  profiling	  of	  caffeine-­‐sensitive	  genes	  showed	  upregulation	  60	  min	  after	  caffeine	  treatment	  in	  the	  honey	  bee	   brain	   (Kucharski	   and	  Maleszka,	   2005).	   Brain	   gene	   expression	   levels	   of	   hundreds	   of	  genes,	   including	   ones	   involved	   in	   biogenic	   amine	   signaling,	   were	   affected	   60	   min	   after	  acute	   treatment	   of	   alarm	   pheromone	   (Alaux	   et	   al.,	   2009).	   This	   time	   course	   of	   change	   in	  gene	  expression	   is	   consistent	  with	  results	  of	   the	  current	  study	  demonstrating	  changes	   in	  
tbh	  gene	  expression	  60	  min	  after	  odor	  stimulation.	  	  Dopaminergic	   and	   octopaminergic	   neurons	   send	   projections	   to	   a	   wide	   array	   of	  neuropil	   regions.	   	   For	   example,	   MBs	   receive	   input	   from	   octopaminergic	   regions	   in	   the	  antennal	   lobe	  and	  SOG	  and	  dopaminergic	  regions	  C1,	  C2,	  and	  C3	  (Hammer,	  1993;	  Schafer	  and	  Rehder,	  1989;	  Kreissl	  et	  al.,	   2004;	   reviewed	   in	  Rossler	  and	  Groh,	  2012	  and	  Gauthier	  and	  Grunewald,	  2012).	  Octopaminergic	  VUM	  neurons	  in	  the	  SOG,	  VUMmx1	  and	  VUMmd1,	  send	  projections	  to	  the	  lateral	  horn	  and	  the	  MB	  calyces	  (Schröter	  et	  al.,	  2006).	  Moreover,	  various	   types	   of	   DA	   and	   OA	   receptors	   are	   abundantly	   expressed	   in	   neurons	   in	   the	  protocerebrum	   and	   deutocerebrum,	   including	   all	   subpopulations	   of	   MB	   Kenyon	   cells	  
19	  	  
(Humphries	  et	  al.,	  2003;	  Mustard	  et	  al.,	  2003;	  Beggs	  et	  al.,	  2005;	  Grohmann	  et	  al.,	  2003).	  Therefore,	   a	   wide	   distribution	   of	   dopaminergic	   and	   octopaminergic	   neuron	   populations	  can	  modulate	  neurotransmitter	  action	  on	  target	  neurons	  in	  important	  brain	  regions	  such	  as	  a	  potential	  reward	  center	  in	  the	  MBs.	  	  Perhaps	   subpopulations	   of	   MB	   neurons	   receive	   input	   from	   important	   reward	  responsive	  regions	  such	  as	   in	   the	  SOG	  or	  antennal	   lobes,	  which	  would	  be	  suggestive	  of	  a	  centralized	  processing	  function	  for	  the	  MBs.	  In	  honey	  bees,	  plasticity	  at	  the	  MB	  Kenyon	  cell	  subpopulation	   level	   has	   already	   been	   demonstrated	   (McQuillan	   et	   al.,	   2012).	   In	   D.	  
melanogaster,	  blocking	  neurotransmitter	  release	  from	  MB	  Kenyon	  cells	  impairs	  both	  sugar	  and	  shock	  associative	  memory	  recall	  (Dubnau	  et	  al.,	  2001;	  McGuire	  et	  al.,	  2001;	  reviewed	  in	  Keene	   and	   Wadell,	   2007).	   Also,	   neurotransmission	   from	   the	   MB	   and	   a	   group	   of	   dorsal	  paired	  medial	  neurons,	  which	  send	  projections	  exclusively	  to	  the	  MBs,	  is	  crucial	  for	  sugar	  and	   shock	   associative	   memory	   stability	   (reviewed	   in	   Keene	   and	   Wadell,	   2007).	   This	  suggests	   that	   the	   same	  brain	   regions	   in	   insects	  might	   be	   important	   for	   both	   reward	   and	  aversion.	   Interestingly,	  more	   than	  90%	  of	  mammalian	  NAc	  neurons	   are	  GABA-­‐ergic,	   and	  microcircuits	  formed	  within	  the	  NAc	  are	  involved	  in	  reward	  (Meredith,	  1999).	  Honey	  bee	  protocerebro-­‐calycal	   tract	   (PCT)	   neurons	   near	   the	   lateral	   horn	   are	   also	   GABA-­‐ergic	   and	  synapse	  with	  extrinsic	  and	  intrinsic	  MB	  neurons,	  forming	  microcircuits	  involving	  antennal	  lobe	  projection	  neurons,	  PTC	  neurons,	  MB	  Kenyon	  cells	  within	  the	  MB	  neuropil	  (Ganeshina	  and	  Menzel,	  2001).	  The	  microcircuits	  may	  receive	  input	  from	  neuromodulators	  like	  OA	  and	  DA	  (reviewed	  in	  Rossler	  and	  Groh,	  2012).	  It	  is	  unclear	  from	  my	  data	  if	  the	  aversive	  memory	  recall	  in	  the	  CS-­‐bees,	  or	  reward	  memory	  recall	  in	  the	  CS+	  bees,	  or	  both,	  are	  responsible	  for	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the	   higher	   tbh-­‐expression	   in	   the	   CS+	   versus	   the	   CS-­‐	   group	   detected	   in	   the	   PT	   SOG	   VPM	  region.	  Neural	   mechanisms	   for	   stimulating	   appetitive	   responses	   are	   often	   coupled	   with	  mechanisms	   for	   suppressing	   appetitive	   responses	   when	   approach	   is	   dangerous	   or	  maladaptive	  (Hoebel	  et	  al.,	  2007).	  Therefore,	  it	  is	  reasonable	  to	  conclude	  that	  reward	  and	  aversion	  might	   be	   encoded	   in	   the	   same	   neuronal	   populations	   because	   activation	   of	   one	  response	  would	  simultaneously	  repress	  the	  other.	  Previous	  research	  in	  mice	  demonstrated	  that	   many	   neurons	   in	   the	   hypothalamus,	   another	   mammalian	   brain	   region	   involved	   in	  reward	  processing,	  which	  are	  activated	  during	  aggression	  are	  inhibited	  during	  mating	  (Lin	  
et	   al.,	   2011).	   Other	   studies	   showed	   that	   inhibition	   of	   NAc	   neurons	   led	   to	   increased	  appetitive	   responses	   to	   sugar	   and	   decreased	   aversive	   responses	   to	   quinine	   (Peciña	   and	  Berridge,	  2005).	  	  Results	   of	   this	   study	   found	   differential	   gene	   expression	   responses	   in	   the	   PT	   SOG	  VPM	   region	   of	   OA-­‐releasing	   neurons	   in	   response	   to	   the	   hedonic	   value	   of	   a	   stimulus.	  	  Specific	   locations	   of	   the	   PT	   SOG	   VPM	   neuron	   projections	   are	   unclear;	   however,	   these	  neurons	  are	  documented	   to	   send	  projections	   to	   the	   lateral	   and	  medial	  protocerebrum	   in	  the	  honey	  bee	  which	  may	  include	  the	  MBs	  (Sinakevitch	  et	  al.,	  2005).	  Thus,	  it	  is	  possible	  that	  the	   PT	   SOG	   is	   a	   reward	   responsive	   region	   that	   acts	   on	   a	   higher-­‐level	   center	   in	   the	  protocerebrum	   such	   as	   in	   the	  MBs.	   Similar	   results	   have	   been	   reported	   for	   primates	   and	  rodents	   where	   specific	   populations	   of	   dopaminergic	   neurons	   respond	   after	   reward	  stimulation	  and	  subsequently	  act	  on	  reward	  centers	  in	  the	  brain,	  such	  as	  the	  NAc	  (Kandel	  
et	  al.,	   2000).	   It	   is	   still	  unknown	   if	   a	   centralized	   reward	  center	   like	  a	  NAc	  exists	   in	  honey	  bees	  but	  the	  results	  of	  this	  study	  suggest	  that	  as	  least	  one	  region	  of	  the	  honey	  bee	  brain	  is	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TABLES	  AND	  FIGURES	  	  Table	  1.	  Location	  of	  previously	  described	  neuron	  populations	  that	  were	  identified	  with	  in	  situ	  hybridization	  and/or	  DA/OA	  immunoreactive	  techniques	  in	  the	  honey	  bee	  brain.	  (*)	  indicates	  that	  the	  region	  was	  observed	  (+)	  indicates	  that	  the	  region	  was	  measured	  in	  the	  present	  study	  §	  According	  to	  Schröter	  et	  al.,	  (2006)	  there	  may	  be	  18-­‐24	  VUM	  neurons	  	  
Brain	  region-­‐	  	  	  	  	  	  	  






C1	   Triangular-­‐shaped	  cluster	  situated	  anteriorly	  between	  the	  proto	  and	  deutocerebrum	  close	  to	  the	  brain's	  midline	  
100	   Schafer	  and	  Rehder	  1989;	  Schurmann	  et	  al	  1989*	  
C2	   Lies	  lateral	  and	  anterior	  to	  C1	  between	  the	  optic	  tubercle	  and	  the	  dorsal	  rim	  of	  the	  esophagus	   100	   Schafer	  and	  Rehder	  1989;	  Schurmann	  et	  al	  1989*	  C3	   Lines	  the	  ventral	  rim	  of	  the	  lateral	  caylx	   80-­‐90	   Schafer	  and	  Rehder	  1989;	  Schurmann	  et	  al	  1989*+	  SL	   Border	  between	  lobula	  and	  deutocerebrum	   6-­‐8	   Schafer	  and	  Rehder	  1989*+	  ST	   Below	  each	  optic	  tubercle	   2-­‐3	   Schafer	  and	  Rehder	  1989;	  Schurmann	  et	  al	  1989*+	  SP	   Around	  the	  protocerebral	  bridge	  of	  the	  central	  complex	   16-­‐20	   Schafer	  and	  Rehder	  1989;	  Schurmann	  et	  al	  1989*	  S1-­‐S3	   Somatal	  rind	  between	  antennal	  lobe	  and	  suboesophageal	  ganglion	   6	   Schafer	  and	  Rehder	  1989;	  	  Schurmann	  et	  al	  1989*+	  S4-­‐S7	   Somatal	  rind	  of	  each	  suboesophageal	  hemiganglion	   14	   Schafer	  and	  Rehder	  1989*+	  VUM	   Ventral	  unpaired	  median	  neurons	  in	  the	  SOG	   1-­‐3	   *Not	  previously	  described	  	  	   	   	   	  	  
Brain	  region-­‐	  	  	  	  






G0	  a,b	   Above	  the	  optic	  peduncle	  and	  paired	  neurons	  lateral	  to	  the	  MB	  vertical	  lobes	   4	   Sinakevitch	  et	  al.	  2005;	  Lehman	  et	  al.	  2006;	  	  G1	  	  	   Medially	  and	  frontally	  located	  in	  the	  pars	  intercerebralis	  	   4	   Kreissl	  et	  al.	  2004;	  Sinakevitch	  et	  al.	  2005;	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Table	  1	  (cont.)	  	   	  	  	  	  	  G2	  a,b	   Dorsolateral	  protocerebrum,	  ventrolateral	  protocerebrum	  or	  upper	  inner	  margin	  of	  the	  antennal	  lobe	   11	   Kreissl	  et	  al.	  2004;	  Sinakevitch	  et	  al.	  2005;	  	  G3	  a,	  b	   Mediodorsally	  to	  the	  antennal	  lobe,	  close	  to	  the	  antennocerebral	  tract	   11	   Kreissl	  et	  al.	  2004;	  Sinakevitch	  et	  al.	  2005;	  Lehman	  et	  al.	  2006	  *+	  G4	  a,b,c,d	   Behind,	  on	  the	  side	  and	  within	  protocerebral	  bridge	  and	  fan-­‐shaped	  body	   26	   Kreissl	  et	  al.	  2004;	  Sinakevitch	  et	  al.	  2005;	  	  G5	   Behind	  the	  ventral	  protocerebrum	  and	  antennal	  lobe;	  cell	  body	  rind	  flanking	  the	  tritocerebral	  neuropil	   14	   Kreissl	  et	  al.	  2004;	  Sinakevitch	  et	  al.	  2005*	  G6	   Posterior	  to	  cluster	  G5b	  or	  ventrally	  in	  the	  subesophageal	  rind	   8	   Kreissl	  et	  al.	  2004;	  Sinakevitch	  et	  al.	  2005;	  Lehman	  et	  al.	  2006;	  *+	  VUM	  neurons	   Ventral	  unpaired	  median	  neurons	  in	  the	  SOG	   11	   Sinakevitch	  et	  al.	  2005;	  Lehman	  et	  al.	  2006;	  Kreissl	  et	  al.	  2004;	  Schröter	  et	  al.	  2006*+§	  DUM	  neurons	   Dorsal	  unpaired	  median	  neurons	  in	  the	  SOG	   1	   Schröter	  et	  al.	  2006*	  VPM	  neurons	   Ventral	  paired	  median	  neurons	  in	  the	  SOG	   2	   Sinakevitch	  et	  al.	  2005*+	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neurons	   on	   the	   right.	   Scale	   bar	   =	   100	  μm.	   Abbreviations:	  MB	   =	  mushroom	   body,	   SOG=	  suboesophageal	  ganglion,	  AL	  =	  antennal	  lobe.	  	  
	  	  	  Figure	   3.	   Description	   of	   surface	   object	   creation	   and	   background	   intensity	   estimation.	  A.	  
tbh-­‐expressing	  neuron	  in	  G6	  region,	  white	  arrow.	  B.	  Surface	  object	  created	  that	  surrounds	  the	   identified	  neuron	   in	  orange,	  white	  arrow.	  C.	  Background	  shell	   created	   from	  3-­‐10μm	  away	  from	  the	  surface	  object	  in	  blue,	  white	  arrow.	  The	  average	  intensity	  within	  this	  shell	  was	  used	  as	   the	   local	  background	   intensity.	  D.	   Surface	  object	   in	  orange	  with	  background	  shell	  around	  the	  surface	  object	  in	  blue.	  Scale	  bars	  =	  50μm.	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  Figure	  4.	  Identification	  of	  PT	  SOG	  region.	  A.	  Dorsal	  positioning	  of	  PT	  SOG	  location,	  frontal	  view.	  	  Cell	  body	  clusters	  appear	  more	  dorsal	  in	  the	  PT	  SOG	  region	  (purple)	  compared	  to	  the	  other	  clusters	  (yellow).	  B.	  Posterior	  positioning	  of	  PT	  SOG	  location,	  sagittal	  view.	  	  Cell	  body	  clusters	   appear	   more	   posterior	   in	   the	   PT	   SOG	   region	   (purple)	   compared	   to	   the	   other	  clusters	  (yellow).	  Scale	  bars	  =	  50	  μm.	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  Figure	   7:	   Differential	   PER	   conditioning.	   	   Acquisition	   curves	   show	   the	   proportion	   of	   bees	  displaying	  a	  conditioned	  PER	  to	  either	  odor	  paired	  with	  sugar	  water	  (CS+)	  or	  quinine	  (CS-­‐).	  Only	  bees	   that	  exhibited	  a	  PER	  to	   the	  CS+	  and	  not	   to	   the	  CS-­‐	  were	   included	   in	   the	  study.	  Significant	   differences	   were	   detected	   in	   the	   third	   (p=0.0002,)	   and	   fourth	   (p<0.0001)	  conditioning	  trial	  (n=52).	  Error	  bars	  represent	  the	  standard	  error	  of	  the	  mean.	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  Figure	  8:	  Proportion	  of	  individuals	  with	  detectable	  tbh-­‐expressing	  neurons	  after	  CS+	  or	  CS-­‐	  odor	   exposure.	   No	   significant	   differences	  were	   detected	   in	   the	   G6	   (p=0.416,	   Z=0.81,	   CS-­‐n=21,	  CS+	  n=17)	  or	  SOG	  VPM	  (p=0.1875,	  Z=1.32,	  CS-­‐	  n=22,	  CS+	  n=17)	  regions.	  	  Significantly	  more	  individuals	  in	  the	  CS+	  group	  compared	  to	  the	  CS-­‐	  group	  had	  detectable	  neurons	  in	  the	  PT	  SOG	  VPM	  region	  (p=0.0103,	  Z=2.57,	  CS-­‐	  n=20,	  CS+	  n=14).	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  Figure	  12:	  Effect	  of	  odor	  valence	  on	  tbh	  relative	  intensity.	  The	  relative	  intensity	  in	  the	  PT	  SOG	  VPM	  region	  was	  significantly	  greater	   in	   the	  CS+	  group	  (p=0.013,	  U=76.00,	  CS-­‐	  n=20,	  CS+	  n=14).	  	  There	  was	  no	  difference	  in	  the	  G3	  (p=0.649,	  T=0.459,	  CS-­‐	  n=21,	  CS+	  n=17)	  G6	  regions	  (p=0.959,	  U=176.5,	  CS-­‐	  n=21,	  n=17)	  SOG	  VUM	  (p=0.3547,	  T=0.939,	  CS-­‐	  n=20,	  CS+	  n=14)	  or	  PT	  SOG	  VUM	  (p=0.213,	  U=104.0,	  CS-­‐	  n=20,	  CS+	  n=14)	  regions.	  A	  relative	  intensity	  value	  of	  zero	  indicates	  that	  the	  signal	  and	  local	  background	  intensities	  were	  equal.	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  Figure	   14:	   Effect	   of	   odor	   valence	   on	   th	   relative	   intensity.	   There	   was	   no	   significant	  difference	  between	  odor	  treatments	  in	  the	  C3	  (p=0.276,	  T=1.11),	  ST(p=0.736,	  U=114.5),	  SL	  (p=0.650,	  U=120.0)	  or	  S1-­‐S6	  clusters	  (p=0.769,	  U=149.0).	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  Figure	  15:	  Identification	  of	  th-­‐expressing	  ventral	  unpaired	  medial	  neuron	  in	  the	  SOG.	  A.	  th-­‐expressing	  neuron	  is	  shown	  in	  green,	  white	  arrow.	  B.	  Th-­‐expression	  completely	  disappears	  when	  the	  green	  channel	  is	  turned	  off	  in	  the	  same	  plane	  as	  A,	  tbh	  expression	  in	  red.	  C.	  th	  and	  














REFERENCES	  	   Alaux	  C,	  Sinha	  S,	  Hasadsri	  L,	  Hunt	  GJ,	  Guzamán-­‐Novoa	  E	  et	  al	  (2009)	  Honey	  bee	  aggression	  supports	  a	  link	  between	  gene	  regulation	  and	  behavioral	  evolution.	  P	  Natl	  Acad	  Sci	  USA	  106(36):15400–15405.	  	  Avarguès-­‐Weber	  A,	  de	  Brito	  Sanchez	  MG,	  Giurfa	  M,	  Dyer	  AG	  (2010)	  Aversive	  reinforcement	  improves	  visual	  discrimination	  learning	  in	  free-­‐ﬂying	  honeybees.	  PLoS	  One	  5(10):e15370.	  	  Ayestaran	  A,	  Giurfa	  M,	  de	  Brito	  Sanchez	  MG	  (2010)	  Toxic	  but	  drank:	  Gustatory	  aversive	  compounds	  induce	  post-­‐ingestional	  malaise	  in	  harnessed	  honeybees.	  PLoS	  ONE	  5(10):	  e15000.	  doi:10.1371/journal.pone.0015000.	  	  Barron	  AB,	  Søvik	  E,	  Cornish	  JL	  (2010)	  The	  roles	  of	  dopamine	  and	  related	  compounds	  in	  reward-­‐seeking	  behavior	  across	  animal	  phyla.	  Front	  Behav	  Neurosci	  4.	  doi:10.3389/	  fnbeh.2010.00163.	  	  Batish	  M,	  Raj	  A,	  Tyagi	  S	  (2011)	  Single	  molecule	  imaging	  of	  RNA	  in	  situ.	  Method	  Mol	  Biol	  714:3-­‐13.	  	  Beggs	  KT,	  Hamilton	  IS,	  Kurshan	  PT,	  Mustard	  JA,	  Mercer	  AR	  (2005)	  Characterization	  of	  a	  D2-­‐like	  dopamine	  receptor	  (Am	  DOP3)	  in	  honey	  bee,	  Apis	  mellifera.	  Insect	  Biochem	  Mol	  Biol	  35:873–882.	  	  Beggs	  KT,	  Mercer	  AR	  (2009)	  Dopamine	  receptor	  activation	  by	  honey	  bee	  queen	  pheromone.	  Curr	  Biol	  19:1206–1209.	  	  Beggs	  KT,	  Tyndall	  JDA,	  Mercer	  AR	  (2011)	  Honey	  bee	  dopamine	  and	  octopamine	  receptors	  linked	  to	  intracellular	  calcium	  signaling	  have	  a	  close	  phylogenetic	  and	  pharmacological	  relationship.	  PLoS	  ONE	  6(11)	  e26809.	  doi:10.1371/journal.pone.0026809.	  	  Berridge	  KC,	  Robinson	  TE	  (1998)	  What	  is	  the	  role	  of	  dopamine	  in	  reward:	  hedonic	  impact,	  reward	  learning,	  or	  incentive	  salience?	  Brain	  Res	  Rev	  28:309–369.	  	  Berridge	  KC	  (2009)	  ‘Liking’	  and	  ‘wanting’	  food	  rewards:	  Brain	  substrates	  and	  roles	  in	  eating	  disorders.	  Physiol	  Behav	  97(5):	  537–550.	  	  Bicker	  G	  (1993)	  Chemical	  architecture	  of	  antennal	  pathways	  mediating	  proboscis	  extension	  learning	  in	  the	  honeybee.	  Apidologie	  24:	  235-­‐248.	  	  Bitterman	  ME,	  Menzel	  R,	  Fietz	  A,	  Schafer	  S	  (1983)	  Classical	  conditioning	  of	  proboscis	  extension	  in	  honey	  bees	  (Apis	  mellifera).	  J	  Comp	  Psychol	  97(2):107-­‐119.	  	  	  Brockmann	  A,	  Robinson	  GE	  (2007)	  Central	  projections	  of	  sensory	  systems	  involved	  in	  
40	  	  
honey	  bee	  dance	  language	  communication.	  Brain	  Behav	  Evolut	  70(2):125–136.	  	  Budnik	  V,	  White	  K	  (1987)	  Genetic	  dissection	  of	  dopamine	  and	  serotonin	  synthesis	  in	  the	  nervous	  system	  of	  Drosophila	  melanogaster.	  J	  Neurogenet	  4:309-­‐314.	  	  	  Claridge-­‐Chang	  A,	  Roorda	  RD,	  Vrontou	  E,	  Sjulson	  L,	  Li	  H,	  Hirsh	  J,	  Miesenböck	  G	  (2009)	  Writing	  memories	  with	  light-­‐addressable	  reinforcement	  circuitry.	  Cell	  139:405–15.	  	  Dacks	  AM,	  Riffell	  JA,	  Martin	  JP,	  Gage	  SL,	  Nighorn	  AJ	  (2012)	  Olfactory	  modulation	  by	  dopamine	  in	  the	  context	  of	  aversive	  learning.	  J	  Neurophys	  108(2):539-­‐550.	  	  De	  Brito	  Sanchez	  	  MG	  (2011)	  Taste	  perception	  in	  honey	  bees.	  Chem	  Senses.	  1-­‐18.	  	  Dubnau,	  J,	  Grady	  L,	  Kitamoto	  T,	  Tully	  T	  (2001)	  Disruption	  of	  neurotransmission	  in	  
Drosophila	  mushroom	  body	  blocks	  retrieval	  but	  not	  acquisition	  of	  memory.	  Nature	  411:	  476–480.	  	  	  Eisenhardt	  D,	  Fiala	  A,	  Braun	  P,	  Rosenboom	  H,	  Kress	  H	  et	  al	  (2001)	  Cloning	  of	  a	  catalytic	  subunit	  of	  cAMP-­‐dependent	  protein	  kinase	  from	  the	  honeybee	  (Apis	  mellifera)	  and	  its	  localization	  in	  the	  brain.	  Insect	  Mol	  Biol	  10(2):173–18.	  	  Farooqui	  T	  (2007)	  Octopamine-­‐mediated	  neuromodulation	  of	  insect	  senses.	  J	  Neurochem	  Res	  32(9):1511-­‐1529.	  	  Friggi	  Grelin	  F,	  Coulom	  H,	  Meller	  M,	  Gomez	  D,	  Hirsh	  J	  (2003)	  Targeted	  gene	  expression	  in	  
Drosophila	  dopaminergic	  cells	  using	  regulatory	  sequences	  from	  tyrosine	  hydroxylase.	  J	  Neurobio	  54(4):618-­‐627.	  	  Ganeshina	  O,	  Menzel	  R	  (2001)	  GABA-­‐immunoreactive	  neurons	  in	  the	  mushroom	  bodies	  of	  the	  honeybee:	  an	  electron	  microscopic	  study.	  J	  Comp	  Neurol	  437(3):335–349.	  	  Gauthier	  M,	  Grunewald	  B	  (2012)	  Neurotranmitter	  systems	  in	  the	  honey	  bee	  brain:	  functions	  in	  learning	  and	  memory.	  In	  CG	  Galizia,	  D	  Eisenhardt,	  M	  Giurfa	  (eds)	  Honeybee	  Neurobiology	  and	  Behavior	  (155-­‐169).	  New	  York:	  Springer.	  	  Giurfa	  M,	  Malun	  D	  (2004)	  Associative	  mechanosensory	  conditioning	  of	  the	  proboscis	  extension	  reflex	  in	  honeybees.	  Learn	  Mem	  11(3):294-­‐302.	  	  Goodman	  LJ,	  Fletcher	  WA,	  Guy	  RG,	  Mobbs	  PG,	  and	  Pomfrett	  CDJ	  (1987)	  Motion	  sensitive	  descending	  interneurons,	  ocellar	  LD	  neurons	  and	  neck	  motoneurons	  in	  the	  bee:	  A	  neural	  substrate	  for	  visual	  course	  control	  in	  Apis	  mellifera.	  In	  R	  Menzel	  and	  A	  Mercer	  (eds):	  Neurobiology	  and	  Behavior	  of	  Honeybees	  (158-­‐171).	  Berlin:	  Springer.	  	  Grohmann	  L,	  Blenau	  W,	  Erber	  J,	  Ebert	  PR,	  Strunker	  T	  et	  al	  (2003)	  Molecular	  and	  functional	  characterization	  of	  an	  octopamine	  receptor	  from	  honeybee	  (Apis	  mellifera)	  
41	  	  
brain.	  J	  Neurochem	  86(3):725–735.	  	  Hammer	  M	  (1993)	  An	  identiﬁed	  neuron	  mediates	  the	  unconditioned	  stimulus	  in	  associative	  olfactory	  learning	  in	  honeybees.	  Nature	  366(6450):59–63.	  	  Hammer	  M	  (1997)	  The	  neural	  basis	  of	  associative	  reward	  learning	  in	  honeybees.	  Trends	  Neurosci	  20(6):245–252.	  	  	  Hammer	  M,	  Menzel	  R	  (1998)	  Multiple	  sites	  of	  associative	  odor	  learning	  as	  revealed	  by	  local	  brain	  microinjections	  of	  octopamine	  in	  honeybees.	  Learn	  Mem	  5:146–156.	  	  Han	  KA,	  Millar	  NS,	  Grotewiel	  MS,	  Davis	  RL	  (1996)	  DAMB,	  a	  novel	  dopamine	  receptor	  expressed	  specifically	  in	  Drosophila	  mushroom	  bodies.	  Neuron	  16:1127–1135.	  	  Helfrich-­‐Forester	  C	  (2004)	  The	  circadian	  clock	  in	  the	  brain:	  a	  structural	  and	  functional	  comparison	  between	  mammals	  and	  insects.	  J	  Comp	  Physiol	  A	  190:601-­‐613.	  	  	  Hoebel	  BG	  ,	  Avena	  NM,	  Rada	  P	  (2007)	  Accumbens	  dopamine-­‐acetylcholine	  balance	  in	  approach	  and	  avoidance.	  Current	  Opinion	  in	  Pharmacology	  7(6):617–627.	  	  Humphries	  MA,	  Müller	  U,	  Fondrk	  MK,	  Page	  RE	  Jr	  (2003)	  PKA	  and	  PKC	  content	  in	  the	  honey	  bee	  central	  brain	  differs	  in	  genotypic	  strains	  with	  distinct	  foraging	  behavior.	  J	  Comp	  Physiol	  A	  189(7):555–562.	  	  Kandel	  ER,	  Schwartz	  JH,	  Jessell	  TM	  (2000)	  Principles	  of	  neural	  science.	  	  4th	  edn.	  New	  York:	  McGraw-­‐Hill,	  Health	  Professions	  Division.	  Keene	  AC,	  Waddell	  S	  (2007)	  Drosophila	  olfactory	  memory:	  single	  genes	  to	  complex	  neural	  circuits.	  Nature	  Reviews	  Neuroscience	  8:	  341-­‐354.	  	  	  Kim	  Y-­‐C,	  Lee	  G-­‐H,	  Han	  K-­‐A	  (2007)	  D	  1	  dopamine	  receptor	  dDA1	  is	  required	  in	  the	  mushroom	  body	  neurons	  for	  aversive	  and	  appetitive	  learning	  in	  Drosophila	  .	  J	  Neurosci	  27:7640–7647.	  	  Krashes	  M,	  DasGupta	  S,	  Vreede	  A,	  White	  B,	  Armstrong	  JD,	  Waddell	  S	  (2009).	  A	  Neural	  Circuit	  Mechanism	  Integrating	  Motivational	  State	  with	  Memory	  Expression	  in	  Drosophila.	  Cell	  139(2):416-­‐427.	  	  Krashes	  MJ,	  Keene	  AC,	  Leung	  B,	  Armstrong	  JD,	  Waddell	  S	  (2007)	  Sequential	  use	  of	  mushroom	  body	  neuron	  subsets	  during	  Drosophila	  odor	  memory	  processing.	  Neuron	  53:103–115.	  	  Krashes	  MJ,	  Waddell	  S	  (2008)	  Rapid	  consolidation	  to	  a	  radish	  and	  protein	  synthesis-­‐dependent	  long-­‐term	  memory	  after	  single-­‐session	  appetitive	  olfactory	  conditioning	  in	  
Drosophila.	  J	  Neurosci	  28(12):	  3103-­‐3113.	  	  	  
42	  	  
Kreissl	  S,	  Eichmüller	  S,	  Bicker	  G,	  Rapus	  J,	  Eckert	  M	  (1994)	  Octopamine-­‐like	  immunoreactivity	  in	  the	  brain	  and	  subesophageal	  ganglion	  of	  the	  honeybee.	  J	  Comp	  Neurol	  348(4):583–595.	  	  Kringelbach	  ML,	  	  Berridge	  KC	  (2010)	  Pleasures	  of	  the	  Brain.	  New	  York:	  Oxford	  University	  Press.	   	  Kucharski	  R,	  	  Maleszka	  R	  (2005)	  Microarray	  and	  real-­‐time	  pcr	  analyses	  of	  gene	  expression	  in	  the	  honeybee	  brain	  following	  caffeine	  treatment.	  J	  	  Mol	  Neurosci	  27(3),	  269-­‐276.	  	  Kurshan	  PT,	  Hamilton	  IS,	  Mustard	  JA,	  Mercer	  AR	  (2003)	  Developmental	  changes	  in	  expression	  patterns	  of	  two	  dopamine	  receptor	  genes	  in	  mushroom	  bodies	  of	  the	  honeybee,	  Apis	  mellifera.	  J	  Comp	  Neurol	  466:91–103.	  	  Lehman	  HK,	  Schultz	  DJ,	  Barron	  AB,	  Wraight	  L,	  Hardison	  C,	  Whitney	  S.	  Takeuchi	  H,	  Paul	  RK,	  Robinson	  GE	  (2006).	  Division	  of	  labor	  in	  the	  honey	  bee	  (Apis	  mellifera):	  The	  role	  of	  tyramine	  β-­‐hydroxylase.	  J	  Exp	  Biol	  209(14):	  2774-­‐2784.	  	  Lehmann	  M,	  Gustav	  D,	  Galizia	  CG	  (2011)	  The	  early	  bee	  catches	  the	  flower	  –	  circadian	  rhythmicity	  influences	  learning	  performance	  in	  honey	  bees,	  Apis	  mellifera.	  Behav	  Ecol	  Sociobiol	  65:	  205-­‐215.	  	  Lin	  D,	  Boyle	  MP,	  Dollar	  P,	  Lee	  H,	  Lein	  ES,	  Perona	  P,	  Anderson	  DJ	  (2011)	  Functional	  identification	  of	  an	  aggression	  locus	  in	  the	  mouse	  hypothalamus.	  Nature	  470:221-­‐226.	  	  	  Livingstone	  M,	  Tempel	  B	  (1983)	  Genetic	  dissection	  of	  monoamine	  neurotransmitter	  synthesis	  in	  Drosophila.	  Nature	  303:67-­‐70.	  	  	  Macmillan	  CS,	  Mercer	  AR	  (1987)	  An	  investigation	  of	  the	  role	  of	  dopamine	  in	  the	  antennal	  lobes	  of	  the	  honeybee,	  Apis	  mellifera.	  J	  Comp	  Physiol	  A	  160(3):359-­‐366.	  	  Marella	  S,	  Mann	  K,	  Scott	  K	  (2012)	  Dopaminergic	  modulation	  of	  sucrose	  acceptance	  behavior	  in	  Drosophila.	  Neuron	  73(5):941-­‐950.	  	  	  McGuire	  SE,	  Le	  PT,	  Davis	  RL	  (2001)	  The	  role	  of	  Drosophila	  mushroom	  body	  signaling	  in	  olfactory	  memory.	  Science	  293:	  1330–1333.	  	  McNeill	  MS,	  Brockman	  A,	  McGill	  TAW,	  Robinson,	  GE	  (2012,	  October)	  Mapping	  reward	  pathways	  in	  the	  honey	  bee	  brain	  by	  immediate	  early	  gene	  induction.	  Poster	  presented	  at	  the	  Society	  for	  Neuroscience	  Conference,	  New	  Orleans,	  LA.	  	  McQuillan	  HJ,	  Nakagawa	  S,	  Mercer	  AR	  (2012)	  Mushroom	  bodies	  of	  the	  honeybee	  brain	  show	  cell	  population-­‐specific	  plasticity	  in	  expression	  of	  amine-­‐receptor	  genes.	  Learn	  Mem	  19(4):	  151-­‐158.	  	  	  
43	  	  
Menzel	  R,	  Müller	  U	  (1996)	  Learning	  and	  memory	  in	  honeybees:	  from	  behavior	  to	  neural	  substrates.	  Annu	  Rev	  Neurosci	  19:379–404.	  	  Menzel	  R,	  Heyne	  A,	  Kinzel	  C,	  Gerber	  B,	  Fiala	  A	  (1999)	  Pharmacological	  dissociation	  between	  the	  reinforcing,	  sensitizing,	  and	  response-­‐releasing	  functions	  of	  reward	  in	  honeybee	  classical	  conditioning.	  Behav	  Neurosci	  113(4):	  744-­‐754.	  	  Mercer	  AR,	  Menzel	  R	  (1982)	  The	  effects	  of	  biogenic	  amines	  on	  conditioned	  and	  unconditioned	  responses	  to	  olfactory	  stimuli	  in	  the	  honeybee	  Apis	  mellifera.	  J	  Comp	  Physiol	  A	  145(3):363-­‐368.	  	  Meredith	  GE,	  Pennartz	  CM,	  Groenewegen	  HJ	  (1993)	  The	  cellular	  framework	  for	  chemical	  signaling	  in	  the	  nucleus	  accumbens.	  Prog	  Brain	  Res	  99:3-­‐24.	  	  	  Monastirioti	  M,	  Linn	  CE,	  White	  K	  (1996)	  Characterization	  of	  Drosophila	  tyramine	  β	  hydroxylase	  gene	  and	  isolation	  of	  mutant	  files	  lacking	  octopamine.	  J	  Neurosci	  16(12):3900-­‐3911.	  	  	  Mustard	  JA,	  Blenau	  W,	  Hamilton	  IS,	  Ward	  VK,	  Ebert	  PR,	  Mercer	  AR	  (2003)	  Analysis	  of	  two	  D1-­‐like	  dopamine	  receptors	  from	  the	  honey	  bee,	  Apis	  mellifera,	  reveals	  agonist-­‐independent	  activity.	  Mol	  Brain	  Res	  113:67–77.	  	  Mustard	  JA,	  Pham	  PM,	  Smith	  BH	  (2010)	  Modulation	  of	  motor	  behavior	  by	  dopamine	  and	  the	  D1-­‐like	  dopamine	  receptor	  AmDOP2	  in	  the	  honey	  bee.	  J	  Insect	  Physiol	  56:422–430	  	  Mustard	  JA,	  Vergoz	  	  V,	  Mesce	  KA,	  Klukas	  KA,	  Beggs	  KT,	  Geddes	  LH,	  McQuillan	  HJ,	  Mercer	  AR	  (2012)	  Dopamine	  signaling	  in	  the	  bee.	  In	  CG	  Galizia,	  D	  Eisenhardt,	  M	  Giurfa	  (eds)	  Honeybee	  Neurobiology	  and	  Behavior	  (199-­‐209).	  New	  York:	  Springer.	  	  	  Naeger	  	  NL,	  Van	  Nest	  BN,	  Johnson	  JN,	  Boyd	  SD,	  Southey	  BR,	  Rodriguez-­‐Zas	  SL,	  Moore	  D,	  Robinson	  GE	  (2011)	  Neurogenomic	  signatures	  of	  spatiotemporal	  memories	  in	  time-­‐trained	  forager	  honey	  bees.	  J	  Exp	  Biol	  214:	  979-­‐987.	  	  Nassel	  DR,	  Elekes	  K	  (1992)	  Aminergic	  neurons	  in	  the	  brain	  of	  blowflies	  and	  Drosophila:	  dopamine-­‐	  and	  tyrosine	  hydroxylase-­‐immunoreactive	  neurons	  and	  their	  relationship	  with	  putative	  histaminergic	  neurons.	  Cell	  Tissue	  Res	  267(1):147-­‐167.	  	  	  Orjalo	  A,	  Johansson	  HE,	  RuthJL	  (2011)	  Stellaris	  fluorescence	  in	  situ	  hybridization	  (FISH)	  probes:	  a	  powerful	  tool	  for	  mRNA	  detection.	  Nat	  Methods	  i-­‐ii.	  	  	  Peciña	  S,	  Berridge	  KC	  (2005)	  Hedonic	  hot	  spot	  in	  nucleus	  accumbens	  shell:	  Where	  do	  μ-­‐opioids	  cause	  increased	  hedonic	  impact	  of	  sweetness?	  J	  Neurosci	  25(50):	  11777-­‐11786.	  	  Peciña	  S,	  Smith	  KS,	  Berridge	  KC	  (2006)	  Hedonic	  hot	  spots	  in	  the	  brain.	  Neuroscientist	  12(6):	  500.	  
44	  	  
	  Rehder	  V,	  Bicker	  G,	  Hammer	  M	  (1987)	  Serotonin-­‐immunoreactive	  neurons	  in	  the	  antennal	  lobes	  and	  suboesophageal	  ganglion	  of	  the	  honey	  bee.	  Cell	  Tissue	  Res	  247:59–66.	  	  Rehder	  V	  (1989)	  Sensory	  pathways	  and	  motorneurons	  of	  the	  proboscis	  reflex	  in	  the	  suboesophageal	  ganglion	  of	  the	  honey	  bee.	  J	  Comp	  Neurol	  279:499-­‐513.	  
	  Riemensperger	  T,	  Völler	  T,	  Stock	  P,	  Buchner	  E,	  Fiala	  A	  (2005)	  Punishment	  prediction	  by	  dopaminergic	  neurons	  in	  Drosophila.	  	  Curr	  Biol	  15:1953–1960.	  	  Roitman	  MF,	  Studber	  GD,	  Phillips	  PE,	  Wightman	  RM,	  Carelli	  RM	  (2004)	  Dopamine	  operates	  as	  a	  subsecond	  modulator	  of	  food	  seeking.	  J	  Neurosci	  24:	  1265-­‐1271.	  	  Roitman	  MF,	  Wheeler	  RA,	  Carelli	  RM	  (2005)	  Nucleus	  accumbens	  neurons	  are	  innately	  tuned	  for	  rewarding	  and	  aversive	  taste	  stimuli,	  encode	  their	  predictors,	  and	  are	  linked	  to	  motor	  output.	  Neuron	  45(4):	  587-­‐597.	  	  Roitman	  MF,	  Wheeler	  RA,	  Tiesinga	  PHE,	  Roitman	  JD	  (2010)	  Hedonic	  and	  nucleus	  accumbens	  neural	  responses	  to	  a	  natural	  reward	  are	  regulated	  by	  aversive	  conditioning.	  Learning	  &	  memory	  17(11):	  539-­‐546.	  	  Rossler	  W,	  Groh	  C	  (2012)	  Plasticity	  of	  synaptic	  microcircuits	  in	  the	  mushroom-­‐body	  calyx	  of	  the	  honey	  bee.	  In	  CG	  Galizia,	  D	  Eisenhardt,	  M	  Giurfa	  (eds)	  Honeybee	  Neurobiology	  and	  Behavior	  (141-­‐154).	  New	  York:	  Springer.	  	  Sands	  A,	  Strons	  R,	  Corbitt	  J,	  Morilak	  DA	  (2000)	  Effects	  of	  acute	  restraint	  stress	  on	  tyrosine	  hydroxylase	  mRNA	  expression	  in	  locus	  coeruleus	  of	  Wisstar	  and	  Wistar-­‐Kyoto	  rats.	  Mol	  Brain	  Res	  75:1-­‐7.	  	  	  Schäfer	  S,	  Bicker	  G	  (1986)	  Distribution	  of	  GABA-­‐like	  immunoreactivity	  in	  the	  brain	  of	  the	  honeybee.	  J	  Comp	  Neurol	  246(3):287–300.	  	  Schäfer	  S,	  Rehder	  V	  (1989)	  Dopamine-­‐like	  immunoreactivity	  in	  the	  brain	  and	  suboesophageal	  ganglion	  of	  the	  honeybee.	  J	  Comp	  Neurol	  280:43–58.	  	  Scheiner	  R,	  Erber	  J,	  Page	  RE	  (1999)	  Tactile	  learning	  and	  the	  individual	  evaluation	  of	  the	  reward	  in	  honey	  bees	  (Apis	  mellifera	  L.).	  J	  Comp	  Physiol	  A	  185(1):1–10.	  	  Scheiner	  R,	  Page	  RE,	  Erber	  J	  (2001)	  The	  effects	  of	  genotype,	  foraging	  role,	  and	  sucrose	  responsiveness	  on	  the	  tactile	  learning	  performance	  of	  honey	  bees	  (Apis	  mellifera	  L.).	  Neurobiol	  Learn	  Mem	  76(2):138–150.	  	  Schröter	  U,	  Malun	  D,	  Menzel	  R	  (2006)	  Innervation	  pattern	  of	  suboesophageal	  ventral	  unpaired	  median	  neurones	  in	  the	  honeybee	  brain.	  Cell	  Tissue	  Res	  327(3):647–667.	  	  
45	  	  
Schwärzel	  	  M,	  Monastirioti	  	  M,	  Scholz	  H,	  Friggi-­‐Grelin	  F,	  Birman	  S,	  Heisenberg	  M	  (2003)	  Dopamine	  and	  octopamine	  differentiate	  between	  aversive	  and	  appetitive	  olfactory	  memories	  in	  Drosophila.	  J	  Neurosci	  23(33):10495–10502.	  	  Selcho	  M,	  Pauls	  D,	  Han	  K-­‐A,	  Stocker	  FR,	  Thum	  AS	  (2009)	  The	  role	  of	  dopamine	  in	  
Drosophila	  larval	  classical	  olfactory	  conditioning.	  PLoS	  One	  4(6):e5897.	  	  Sinakevitch	  I,	  Niwa	  M,	  Strausfeld	  NJ	  (2005)	  Octopamine-­‐like	  immunoreactivity	  in	  the	  honey	  bee	  and	  cockroach:	  comparable	  organization	  in	  the	  brain	  and	  subesophageal	  ganglion.	  J	  Comp	  Neurol	  488:	  233-­‐254.	  	  	  Skinner	  BF	  (1938)	  The	  Behavior	  of	  Organisms:	  an	  Experimental	  Analysis.	  New	  York:	  Appleton-­‐Century-­‐Crofts.	  	  Smith	  BH,	  Abramson	  CI,	  Tobin	  TR	  (1991)	  Conditional	  withholding	  of	  proboscis	  extension	  in	  honeybees	  	  Apis	  mellifera	  during	  discriminative	  punishment.	  J	  Comp	  Psychol	  105(4):345–356.	  	  Stollhoff	  N,	  Menzel	  R,	  Eisenhardt	  D	  (2008)	  One	  retrieval	  trial	  induces	  reconsolidation	  in	  an	  appetitive	  learning	  paradigm	  in	  honeybees	  (Apis	  mellifera).	  Neurobiology	  of	  Learning	  and	  Memory	  89(4):419-­‐425.	  	  Tomer	  R,	  Denes	  AS,	  Tessmar-­‐Raible	  K,	  Arendt	  D	  (2010)	  Proviling	  by	  image	  registration	  reveals	  common	  origin	  of	  annelid	  mushroom	  bodies	  and	  vertebrate	  pallium.	  Cell	  142(5):	  800-­‐809.	  	  	  Unoki	  S,	  Matsumoto	  Y,	  Mizunami	  M	  (2005)	  Participation	  of	  octopaminergic	  reward	  system	  and	  dopaminergic	  punishment	  system	  in	  insect	  olfactory	  learning	  revealed	  by	  pharmacological	  study.	  European	  J	  Neurosci	  22(6):	  1409-­‐1416.	  	  	  Vergoz	  V,	  Roussel	  E,	  Sandoz	  J-­‐C,	  Giurfa	  M	  (2007a)	  Aversive	  learning	  in	  honeybees	  revealed	  by	  the	  olfactory	  conditioning	  of	  the	  sting	  extension	  reflex.	  PLoS	  One	  2(3):e288.	  	  Vergoz	  V,	  Schreurs	  HA,	  Mercer	  AR	  (2007b)	  Queen	  pheromone	  blocks	  aversive	  learning	  in	  young	  worker	  bees.	  Science	  317:384-­‐386.	  	  Winston	  ML	  (1987)	  The	  biology	  of	  the	  honey	  bee.	  Cambridge:	  Harvard	  University	  Press.	  	  Wise	  RA,	  (2004)	  Dopamine,	  learning	  and	  motivation.	  Nat	  Rev	  Neurosci	  5:483-­‐494.	  	  Wright	  GA,	  Mustard	  JA,	  Simcock	  NK,	  Ross-­‐Taylor,	  AAR,	  McNicholas	  LD,	  Popescu	  A,	  Marion-­‐Poll	  F	  (2010)	  Parallel	  reinforcement	  pathways	  for	  conditioned	  food	  aversions	  in	  the	  honeybee.	  Curr	  biol	  20:2234-­‐2240.	  	  	  
